ABSTRACT
INTRODUCTION
The determination of highway capacity is strongly pertained with two main features; the road geometric design and the traffic flow properties, in particular, for the horizontal alignment. Kerner [1] pointed out that the determination of the highway capacity is one of the most important applications of any traffic theory. Transportation research authorities executed effective efforts in exploring highway capacity. Numerous studies are highly concerned with the relations between speed, density, and capacity on the uninterrupted roadway sections. The American Highway Capacity Manual [2] confirmed that the road capacity is strongly related to the free flow speed. Broadly, the capacity derivation issue is partitioned in two denominations; the direct-empirical and the indirect-empirical methods, Minderhoud et al. [3] , of which the direct-empirical method is applicable in the scope here.
However, the main objective of the present research is to calculate multi-lane highway right lane capacity mainly at horizontal curves.
The right lane is a critical lane because it is used by the majority of the traffic especially heavy vehicles. This affects badly the right lane capacity. Therefore, the present study concentrates on this lane.
A developed modelling technique is utilized for this purpose. It is of sophisticated manner as ANNs. Specific field data have been collected on the Egyptian multilane highways. The investigation included 78 curved sections that are located on the main Egyptian multilane highways. Two of these exist in the desert zone (Cairo-Alexandria and Cairo-Ismailia desert highways), and the other two exist in the agricultural zone (Cairo-Alexandria and Tanta-Damietta agricultural roads). The highway cross section occupied by 55 curves is divided into four-lane two-way road, while the section occupied by the other 23 curves is divided into six-lane two-way road. Due to the obvious difference in the geometric characteristics and traffic volumes between the two types of multi-lane highways, a separate analysis has been carried out for every one of them.
Therefore, the analysis of this paper utilizes ANN procedure to investigate the relationships between the right lane capacity per one direction of flow as dependent variable, and the horizontal curve radius (R), roadway factors (i.e. lane width (LW), median width (MW), and lateral clearance (LC)), and percentage of heavy vehicles in traffic composition (HV) as independent variables.
Also, two capacity paradigms have been derived. The first one isthe capacity at midpoint of the curve and the second is the capacity loss between the curves and tangents. The existence of the horizontal curves surely forces the drivers to reduce their speed; consequently, the traffic flow clearly decreases and so, the capacity value of this site will drop significantly, Hashim and Abdel-wahed [4] . However, the results of the present paper can help the Egyptians road responsible to evaluate the right lane capacity of various horizontal curves on Egyptian multi-lane highways and evolve the proper traffic behaviour in the future.
A. M. Semeida: Impact of Horizontal Curves and Percentage of Heavy Vehicles on Right Lane Capacity at Multi-lane Highways
Many papers have been written to explain the impact of road geometry and traffic composition on the capacity for multi-lane facilities. Kerner [1] affirmed that the computation of capacity for any route is one of the most substantial enforcements of the traffic notion. Various former notions and tentative explorations were concentrated on the mutual relations between the road capacity on the one hand, and the traffic and geometric characteristics on the other hand, along with the uninterrupted multi-lane roads, Iwasaki 1991 [5] , Ibrahim and Hall [6] , and Shankar and Mannering [7] .
Bang et al. [8] , in their preparation of the Indonesian design guide, pointed out that the vehicle speed is the main factor in determining road segment capacity.
Yang and Zhang [9] explored the effect of the lane number on the multi-lane road capacity utilizing site traffic flow information which was collected from Beijing. The results indicated that the lane average capacity is reduced by the increment of lane number on the studied highway sections. The minor reduction percent of mean lane capacity by increment of lane number is found to be about 6.7%.
Ben-Edigbe and Ferguson [10] , studied the effect of highway state, pavement defects, on the capacity and capacity loss on two-lane roads depending on data collection from eight locations in Nigeria. The capacity computation procedure used the extracted required data from a basic graph indicating the traffic flow-density relationship. The capacities were computed in two adverse cases as without-distress and with-distress road segments. The results showed that a significant difference between the above two capacities were deduced.
Velmurugan et al. [11] examined the relation between the speed and the flow characteristics of different kinds of multi-lane roads in India. Consequently, the capacity of these highways was determined depending on conventional and microscopic emulation paradigms.
Arasan and Arkatkar [12] explained the effect of the inconstancy of traffic installation, route width, and vertical alignments on the multi-lane highway capacity in India. The main conclusion of this research showed that the highway capacity varies considerably with the variation in traffic volume installation, road width, and percentage of the upgrade.
Garcia et al. [13] explored the impact of traffic calming devices on the Spanish road capacity depending on various kinds of devices and spacing between them. It was concluded that the capacity changed among 810 and 1,300 vehicles per hour per lane, according to the calming devices intervals through 25 to 400 meters.
On the local level, there are extremely few studies being interested in this issue because of the scarcity of required data as road geometry, horizontal curve properties, and traffic flow characteristics. The most significant papers on this issue are given here below.
Semeida [14] explained the impact of roadway geometry and traffic properties on the lane capacity at 45 tangent sections existing on four major multi-lane rural roads. He found that the most important factors bearing on the capacity are: the lane width, HV, and side access existence.
Semeida [15] explored the impact of roadway and traffic characteristics on the level of service (LOS) at 78 curved sections that are located on the major Egyptian highways, where the most effective factors on the LOS are found to be: the average annual daily traffic (AADT), HV, and R.
However, the present study is expanded to involve the capacity on the curved sections that are located in the vast area. Also, two major kinds of multi-lanes are explained separately (four-lane two-way and six-lane two-way types), where the current paradigms are appropriate for all the Egyptian multi-lane highways.
BASIC DATA COLLECTION

Road geometric data
The present paper focuses on the curved sections on the Egyptian multi-lane facilities. The research utilizes 78 curved sections that are located on the major Egyptian multi-lane roads. The road names are: Cairo-Alexandria Agricultural Highway (CAA), Tanta-Damietta Agricultural Highway (TDA), Cairo-Alexandria Desert Highway (CAD), and Cairo-Ismailia Desert Highway (CID), Figure 1 . The selected curved sections are situated in a comparatively plane region to minimize or avert the impact of the vertical slope.
Mediterranean Sea
Roads under study The geometry of roads will supply the basic independent parameters in the research. The lane width (LW), median width (MW), and lateral clearance (LC) are measured at once from the field exploration. The horizontal curve radii (R) are obtained by utilizing the General Authority of Roads, Bridges and Land Transport in Egypt (GARBLT) [16] . The extracted information includes: the curve radius (R), deflection angle (DA), and superelevation (e). All the selected data, their codes, and the statistical parameters are presented in Table 1 .
Traffic properties data
During the data collection, manual traffic counting is carried out on the working days during the daylight hours from 7:00 am till 12.00 noon (five hours at each site) in clear weather and on dry pavements.
The position of counting is nearly at midpoint of the horizontal curve in one direction of the travel on the right lane only. The collected data involve the car class and the access time of car and are divided into 5-min periods. In every period, the number of cars is transformed into vehicles per hour.
In addition, the average travel speed of all vehicles (ATS) at each 5-min interval is calculated in (km/h) for each site. It is measured simply in the field, by taking a constant distance between 50 and 100 m throughout the length of each horizontal curve and the time in which the vehicles cut this distance is recorded. Next, the speed at each 5-min is calculated by dividing the constant distance per the average recorded times. Consequently, the right lane density in 5-min interval can be calculated by the following well-known Equation 1 in one direction of flow [2] . Figure 2 , which declares the relationship between flow rate and density at two curve sites. One curve site represents the divided four-lane and the other represents the divided six-lane. This relationship shows that the traffic stream represents clearly one condition of flow (steady state) at the two curve sites indicating that the case of bottleneck is formed on these sites. Therefore, these highways carry traffic volumes close to the capacity value. Therefore, the right lane capacity can be reached from reliable curve fitting of the traffic data at each site [3] .
In addition, the percentage of heavy vehicle types (HV), Table 1 , is detected at each site from the recorded manual counting. Heavy vehicles include semi-trucks, trucks and truck trailers that have at least one axle with dual wheels [16] . Finally, the effect of the different types of vehicles within a traffic stream is considered by converting the vehicles into passenger car units (PCU). GARBLT [16] specifies the PCU for each type of vehicles running on the Egyptian highways as shown in Table 2 . 3. METHODOLOGY
Capacity determination methodology
Three types of capacity are expressed beyond the scope here; capacity at the curve (CH), capacity at the tangent (CT), and capacity loss between the curve and tangent (CLoss). 
Capacity at curve (CH)
A direct-empirical procedure, [3] depending on the observed volumes, speeds and densities is employed to determine the capacity. In this method, the capacity can be measured either directly from the traffic data, if the road section forms a bottleneck, or estimated by extrapolating the steady flow observations. Investigation of Figure 2 shows that the capacity conditions are reached because these sites carry high traffic volumes close to the capacity value. However, the critical density can be derived directly by reliable curve fitting of the traffic data at each site.
The flow-density relationship has been described by van Arem et al. [17] and Minderhoud et al. [18] as having a quadratic form, Equation 2 .
To achieve the bell shape of this relation, the sign of β 2 should be negative or zero and positive for β 1 . It emphasized that the capacity of highway can be determined when the flow-density relationship takes the bell shape in which the critical density is attained at the crest point of the curve, where the capacity value occurs at the maximum value of flow. In the present study, the traffic capacity is determined by the method of square function, and the crest point of the curve produces the capacity.
Capacity at tangent (CT)
In this paper, the capacity at tangent (CT) is defined as the capacity at the same site properties without the horizontal curve. The capacity value is determined from the ANN model at the tangent section as derived in [14] . In his research, the tangent sections are divided into agricultural sections and desert sections and each of them will have a separate capacity model. To get the best capacity model for the agricultural sections, the coefficient of determination (R 2 ) and root mean square error (RMSE) for the treated data set are 0.99 and 59.2, respectively, where for the desert sections, R 2 and RMSR are 0.98 and 35.8, respectively. These results are considered reliable for tangent capacity estimation and proper for use in the present paper.
Capacity loss (CLoss)
The capacity loss (CLoss) is defined as the capacity loss between the capacity at curve and that at the tangent. The horizontal curve surely forces the drivers to reduce their speed; consequently, the traffic flow will clearly decrease [4] . So, the capacity value of the horizontal curve is significantly lower than that at tangent under the same road and traffic properties.
Non-traditional modelling procedure (ANNs)
Broadly, the ANNs include 3 strata: the input, the hidden and the output. The input includes the independent factors and the output includes the capacity values. The ANNs ordinarily begin with randomized weights for whole neurons, when a favourable level performance is gained, training is stopped and the network utilizes these weights in the final model. The adopted practice is acquired from Semeida [19] , where the multi-layer perceptron (MLP) neural network paradigms grant the best achievement of all the paradigms. Therefore, the network can be easily applied in engineering problems due to the abundant learning algorithm extremely utilized in the MLP. Also, the ordinarily utilized learning algorithms in ANN implementations are the back propagation algorithm (BP), which is experienced in the present study, NeuroSolutions 7 [20] . The total sections are split into a training group and a testing group. The training group varies from 70% to 90% and the testing one from 10% to 30%. The statistical Model parameters RMSE, ║δ║, and R 2 are helpful for testing and training as well as all the data groups. So, many trials are executed to attain the appropriate percentage among training and testing groups that grants the best efficiency of capacity models. Furthermore, the over fitting can be precluded by randomizing the data prior to the training of the network to attain the best efficiency from both the training and the testing data. The statistical parameters of testing data must be perfect as training data, Tarefder et al. [21] .
RESULTS
Capacity determination on curves, tangents and capacity loss
Due to the lot of calculations needed for capacity evaluation on the right lane on the horizontal curves (one direction of flow), the analysis is conducted for one curve of each road type: curve 1 presents divided four-lane and curve 3 presents divided six-lane.
On using the traffic data, the vehicle counts for 
The coefficients of the model must have the suitable signs that grant the bell shape function; also their values must be considerably greater than zero at the 95% level of confidence. Consequently, the critical right lane density and capacity (C RL ) value for the two curves are given as follows: Figure 3 shows the observed data, the fitting of all curves, and the derived CRL for the curves. The concluded models for whole conditions have the anticipated signs and the determined coefficients (R 2 ) must be better than 0.8. Table 4 clarifies the capacity values for all the 78 horizontal curves. The capacity at the tangent is calculated by the ANN model and the loss of capacity among the predetermined capacities is evaluated at every curved section. Table 3 presents the three types of capacity values at all the studied curves.
Artificial Neural Network Models
Capacity at curves (CH) Divided four-lane
Correlation of the results of the ANN models shows that there are five characteristics extremely associated with CH. These variables are put in the first stratum. One hidden stratum is utilized while the coveted variable CH is put in the last stratum with 55 used curves. The structure of the ANN paradigm is drawn in Figure 4 . The neuron number in the second stratum is almost half the sum of the neurons in the first and the last stratum (three neurons), depending mostly on a reasonable awareness in this scope.
Utilizing the learning rule of momentum type and the adequate iteration number = 5,000, is appropriate for rapid convergence of the case. Plentiful attempts are made to attain the best percentage among the training and testing sections that grant the superior model efficiency [15] . The statistical parameters of the superior attempt for training, testing, and both of the groups are produced in Table 4 . These are obtained by splitting the sections into training group that has 44 sections (80% of the curves), and testing group that has 11 sections (20% of the curves). In view of evaluating the significance of all independent factors, the common effect (sensibility around the average or standard deviation), is calculated depending on the trained weights of the network. For each variable, if the preceding value is greater than others, this implies that its influence on the following variable CH is greater than the others. Figure 5 offers the sensibility of every independent variable in the chosen model. It is indicated that the most effective factor on the CH is HV, pursued by LW and R. The relationships between the variables are shown in Figure 5 . This figure shows that the CH increases with the increment of R and LW and reduction of HV.
Divided six-lane
There are five characteristics extremely associated with CH in the input stratum. One hidden layer is utilized and one coveted variable CH is put in the last stratum with 23 employed curves. The performances of the best attempt for training, testing, and overall data set are listed in Table 4 . In this trial, where the curves are divided into the training data set that has 19 curves (83% of all sites), and testing data set that has 4 curves (17% of all sites). Figure 6 shows the sensitivity of each explanatory variable in the selected model. It is found that the most influential variable on CH is R, followed by HV. The relationships between each effective variable and CH are shown in Figure 6 . It indicates that CH increases with the increase of R and reduction of HV.
Capacity Loss (CLoss)
Divided four-lane
The performances of the best trial for training, testing, and overall data set are presented in Table 4 . The sensitivity analysis and the relationships between each effective input variable and CLoss are shown in Figure 7 . In this case, the impact of LC is so small on CLoss that it can be neglected. Therefore, it is removed from the sensitivity diagram. The diagrams indicate that the CLoss decreases with the increment of R and LW, and increases with the increment of HV. 
Figure 7 -Sensitivity and CLoss versus effective variable relationships (divided four-lane)
Divided six-lane Similar results are reached as the divided fourlane. The performances of the best trial for training, testing, and overall data set are presented also in Table 4 . The sensitivity analysis and the relationships between each effective input variable and CLoss are shown in Figure8. The variables LC and MW have a very low effect on CLoss. So, no need to present them in the sensitivity analysis. The diagrams indicate that the CLoss decreases with the increment of R and increases with the increment of HV.
DISCUSSION
The previous results will be explained and discussed in this section. 
CONCLUSION
The present study examines the effectiveness of road geometry and traffic properties on the right lane capacity at horizontal alignment for the Egyptian major highways. Two types of capacity are modelled; capacity at curves and capacity loss between curves and tangents. The most important findings are given here below:
For divided four-lane:
Generally, as HV increases, especially on horizontal curve, its impact on vehicle speed becomes greater. Therefore, CH clearly increases chiefly in the right lane.
Moreover, the horizontal curves that have greater LW and R encourage the drivers to increase their speed on them than with smaller values. Thus, the greater LW and R improve capacity on horizontal curves.
As both R and LW properties are greater, the impact of the horizontal curve on vehicle speed gradually diminishes. Subsequently, CLoss between tangent and curve decreases. On the contrary, CLoss rises with the increment of HV. As HV increases, especially on horizontal curve, its impact on vehicle speed becomes greater. Therefore, CLoss clearly increases.
For divided six-lane:
The horizontal curves that have a greater R encourage the drivers to increase their speed on them. Consequently, the capacity improves. Also, HV have an adverse effect on the right lane capacity.
The impact of LW on CLoss is negligible due to wider road width than divided four-lane.
However, the reached outputs are so substantial for the Egyptians road responsible due to the following: a) They enable computation of the capacity at different curved sections and tangents as well as the capacity loss. b) This research is an important step to derive a separate model which only concerns the capacity loss between horizontal curve and tangent. The application of this model is very useful and reliable. c) Now, on Egyptian multi-lane highways, no need to obtain capacity at curve and tangent to reach capacity loss between both. Just apply this CLoss best ANN model to obtain it.
d) The reached outputs can enhance the traffic capability hereafter.
e) The reached outcomes can be utilized to improve the highway design and achieve a remarkable move to the beginning of the Egyptian highway design guide.
f) Encourage searching the influence of the pavement distress on the capacity at the Egyptian facilities which is considered to be a major goal in the future.
